This study compared lean children at high risk (HR) and low risk (LR) of obesity and obese children (OB) to assess the relationship between their energy (EI) and fat intake and adiposity. DESIGN: Cross-sectional study of energy and fat intake in children, using 7-day weighed intakes validated by doubly labelled water (DLW) energy expenditure. SUBJECTS: A total of 114 pre-pubertal children, 50 HR (mean AE s.d., 6.7 AE 0.6 y, 25.7 AE 4.8 kg, 21.3 AE 6.6% body fat), 50 LR (mean AE s.d., 6.6 AE 0.8 y, 23.6 AE 3.7 kg, 18.9 AE 5.7% body fat) and 14 OB (mean AE s.d., 6.8 AE 1.0 y, 37.7 AE 5.3 kg, 34.8 AE 5.6% body fat). MEASUREMENTS: Body fatness was measured using deuterium dilution, total energy expenditure (TEE) by DLW and dietary intake using 7-day weighed records. RESULTS: EI was 98% of TEE in LR children, 95% in HR children and 86% in OB children. Although EI was similar in each group (LR, 7.03 AE 1.26 MJ=day; HR, 7.30 AE 1.46 MJ=day; OB, 7.55 AE 1.67 MJ=day), obese children consumed more fat in absolute (g) and relative (percentage energy) terms than LR children (LR, 68 AE 13 g, 36.4 AE 4.2%; OB, 80 AE 25 g, 39.5 AE 4.6%; P < 0.05). There was a significant linear trend towards increasing fat intake (percentage energy) with increasing risk of obesity (P < 0.05). While HR children were heavier and fatter than LR children (P < 0.05), their EI and fat intake were not significantly greater (HR, 73 AE 17 g, 37.3 AE 4.4%). Dietary fat intake (percentage energy) was weakly but significantly related to body fatness (r 2 ¼ 0.05, P ¼ 0.02) by step-wise regression. Since energy from fat was the only macronutrient that was a significant predictor of body fatness, results were therefore analysed using quartiles of fat intake (percentage energy) as cut-offs. When grouped in this way children with the lowest intakes were leaner than those with the highest intakes (19.5 AE 7.5 vs 24.9 AE 9.4% body fatness; P < 0.05). There was a significant trend for increasing fatness as fat intake increased (P < 0.05). CONCLUSION: Fat intake is related to body fatness in childhood.
Introduction
In order to maintain energy balance, an equilibrium between energy intake (EI) and energy expenditure must be achieved in the medium to long term. Although relative hyperphagia may be important in the development of obesity, the majority of studies of EI in children have failed to demonstrate that fatter children have higher EIs. 1 -5 This may be partly due to mis-reporting of food intake, which has been observed in obese adolescents 4 and obese children.
can be maintained by appropriate changes in the rate of amino acid and glucose oxidation, changes in fat stores are not tightly regulated. 11 As a compensatory mechanism, it has been hypothesised that the body increases fat oxidation to match fat intake through expansion of fat stores, ultimately resulting in obesity. 12 Studies of the role of fat intake in the aetiology of obesity in childhood are limited and equivocal. In some crosssectional studies, a positive relationship between fat intake and adiposity has been observed in children, even after controlling for potential confounding factors, 13 -15 but other cross-sectional 16 -18 and longitudinal studies 5 have failed to confirm these findings.
Since children of obese parents are at increased risk of obesity, 5,19 -22 the factors affecting energy balance in children at varying degrees of risk of obesity (based on parental weight status) are potentially important. Children who are at increased risk of obesity have been shown to consume a diet that contains a higher proportion of energy as fat, and over a 1 y period to gain significantly more weight than their low risk counterparts. 23 Nguyen et al 24 also showed a strong influence of maternal obesity in both boys and girls and a significant correlation between fat intake and adiposity in boys. These studies are supported by large-scale studies that show strong correlation between adiposity and energy and nutrient content of the diet of parents and their children. 25, 26 Given the inconsistent findings from studies of the relationship between dietary fat intake and obesity in this age group and the evidence of a parental effect, this study aims to compare lean children at high and low risk of obesity and already obese children to assess their energy and macronutrient intake in relation to their obesity risk status and current adiposity.
Methods

Subjects
One-hundred and fourteen healthy children (66 boys, 48 girls) participated in this study (mean AE s.d., 6.7 AE 0.6 y, range 5 -8 y). The children were divided into three groups based on their risk for obesity or their own obesity status. Obese (OB) children (n ¼ 14) were defined as having a body mass index (BMI) over the 95th percentile according to British growth standards, 27 high-risk (HR; n ¼ 50) children had at least one biological parent with a BMI of over 29.5 and low-risk (LR) children (n ¼ 50) had two lean biological parents (BMI < 25 kg=m 2 ). Socio-economic status was determined from the Office of Population Censuses and Surveys classification of occupations 28 using father's occupation as the criterion.
The children were recruited through schools in the Coleraine area in Northern Ireland. The town of Coleraine has a mixed socio-economic background and the population of approximately 55 000 is predominantly white European.
Parents of eligible children (aged 6 -8 y and living with biological parents) were first contacted by letter, after which those who expressed interest in participating in the study were interviewed in their homes to explain the study in detail. The response rate of those contacted and eligible to participate was 62%. No subject who agreed to take part was subsequently excluded. Those who agreed to participate gave their written informed consent for their child to take part. Parents were informed that the study was concerned with the measurement of energy expenditure and food intake of children. No direct reference was made to obesity as this could have biased the recruitment of subjects and=or subsequent reporting of food intakes. All measurements took place during the school term and were conducted over a 3-y period. This study was approved by the Ethical Committee of the University of Ulster.
Experimental design
Anthropometry. In the metabolic suite at the University of Ulster, body weight in a swimming costume was measured to the nearest 0.1 kg (Weylux Model 824=890, CMS Weighing Equipment, London, UK) and height to the nearest 0.1 cm using a stadiometer (CMS Weighing Equipment, London, UK) using standardised procedures. The weight and height of both parents were also measured under standardised conditions in light clothing and with no shoes. Body fatness in children was measured by isotope dilution during the measurements of energy expenditure. O). Deuterium is lost from the body in water only, whereas oxygen-18 is lost in both water and carbon dioxide. Carbon dioxide production is calculated from the difference in the rates at which deuterium and oxygen-18 are lost from the body. TEE is then calculated from carbon dioxide production by applying classical indirect respirometry equations.
After collection of a pre-dose urine sample, every child was orally dosed with 0.05 g 2 H 2 O=kg body weight and 0.125 g H 2 18 O=kg body weight. Further samples were collected 8 h post-dose and thereafter daily, at a known time, for 10 days. Samples were stored at 7 4 C before measurement. The levels of isotopic enrichment achieved by this dosing regime have no known harmful effects and are regularly used in paediatric studies.
-32
2 H and 18 O enrichments in the urine samples and samples of dilute doses were measured using a Sira 10 dual inlet mass spectrometer with OS=2 Prism PrismUp software (Micromass, Wythenshawe, UK). For 2 H, the aqueous samples were equilibrated with H 2 gas by means of an interface with a MultiPrep automated Energy and fat intake in children AF McGloin et al sampling system. This system provides for automated evacuation of vials containing aqueous samples and their filling with H 2 gas, gas sampling after equilibration and the removal of water from equilibrated gas samples by means of a cryogenic probe and temperature control of equilibrating samples to AE 0.1 C. For the equilibration, a 0.4 ml sample was placed in disposable glass vials with rubber septa (50Â12.5 mm, non-evacuated vials, catalogue number 471284, Labco Ltd, High Wycombe, UK) containing a reusable catalyst (platinum coated on a rod of hydrophobic porous resin, Finnigan MAT, Bremen, Germany) that promotes rapid exchange of H between water and H 2 gas, and complete equilibration after 3 h. This is one of a variety of catalysts available for this exchange. 32 -36 The equilibrations were performed at 25 C with 3 ml H 2 gas at 2 bar. All the measurements were made relative to a sample of H 2 gas of similarly equilibrated with water of natural abundance for 2 H and were corrected for interference of H 3 þ in the ratio measurements. Laboratory standards calibrated with values of 7 51.45 and 763.24% relative to Standard Mean Ocean Water (SMOW)=Standard Light Antarctic Precipitation (SLAP) (147.75 and 274.64) were run as unknowns and the true enrichment of the analysed samples calculated from these. Precision of the measurements was 1.58% (0.24 ppm). After use the catalyst rods were washed with deionized natural abundance water, dried in air at 40 C for at least a day and stored at the same temperature. For
18
O enrichments 3 ml samples were equilibrated with 13 ml CO 2 at 400 mbar at 25 AE 0.1 C for 4 h in an Isoprep system (Micromass, Wythenshawe, UK) as described by Wong et al, 37 measured relative to tank CO 2 , corrected for isotopic interferences according to Craig 38 and expressed relative to SMOW. The precision of the sample measurements was 0.15% (0.3 ppm).
Rates of carbon dioxide production were calculated by the multipoint method providing estimates of their precision. 39, 40 Average rate constants for all the subjects were K d 0.103 and K o 0.145 and the average observed ratio of the 2 H: 18 O isotope distribution space was 1.030 (s.d. 0.01). Average precision of the CO 2 production measurements was 4.6% (s.d. 1.3%). The proportion of total water loss to which fractionation corrections were applied was assumed to be 0.30 according to the method used by Livingstone et al. 41 Measured food quotients (FQ), as described below, were used to calculate the mean respiratory quotient (RQ) required to estimate TEE from carbon dioxide production. 42 The intercepts of the isotope disappearance curves were also used to provide estimates of total body water. Body water was calculated as the mean of the time zero H 2 18 O distribution=1.01 and the time zero 2 H 2 O distribution space=1.04. Lean body mass was calculated from this value on the assumption that all body water is contained in lean mass and that it has a water content of 73% by weight. Fat mass was calculated as the difference between body weight and the lean mass.
Dietary intake
Within the DLW study period, the food intake of each child was measured by 7-day weighed dietary record. Parents were issued with digital weighing scales (Soehnle, CMS Weighing Equipment, London, USA) and a food diary and instructed how to weigh and record all food and drinks consumed by their child for seven consecutive days as well as how to record the left-overs. Detailed explanation and demonstration of the cumulative weighing technique were given to parents who then repeated the procedure in the presence of the investigators to ensure a full understanding of the technique. In addition, written instructions and an example of a complete diary were provided for reference. Children were also encouraged to take an active interest in the procedure to promote compliance.
Families were visited at home, initially on a daily basis and then every second day, to ensure the parent was following the protocol, to check compliance and to maintain motivation. Parents were also asked to provide a complete description of the methods of preparation and cooking and recipes for composite dishes: adjustments were made for fluid losses during cooking. If any omissions were apparent, parents and children were questioned directly. For individually packaged foods eaten away from home, parents identified the product, brand name and packet size or provided empty wrappers. Children were encouraged to report to their parents foods consumed in their absence, both in and out of home. For those foods that were not weighed and not packaged, eg school lunches, children described the foods eaten and were then shown food photographs of varying portion sizes 43 during home visits by the investigators, and instructed to choose a photograph of a portion size that corresponded best with the quantity eaten.
Reported food intake was analysed for total energy, macro-nutrient composition and FQ using WISP, Version 1.25, Tinuviel Software, UK.
Statistical analysis
Results are expressed as mean AE s.d. Statistical analysis was performed using one-way ANOVA with SPSS (version 7.0). The study was designed with the three groups (LR, HR and OB) representing an increased trend to obesity. As such, results across groups ranked in this order were tested using categorical comparisons and for linear trend as per protocol. Differences were considered significant at P < 0.05. Regression analysis was performed with body fat as the dependent variable and dietary fat intake (%) as the independent variable. The inclusion and exclusion criteria were set at P < 0.05.
Results
The physical characteristics of the subjects are presented in Table 1 . OB subjects were significantly taller (P < 0.05), heavier (P < 0.0001), and had a greater BMI, body fat (kg;
Energy and fat intake in children AF McGloin et al P < 0.0001), lean mass (kg; P < 0.0001) and percentage body fat values (P < 0.0001) than the LR and HR subjects. HR subjects were heavier (P < 0.05), and had a greater BMI (P < 0.001), percentage body fat (P < 0.05) and body fat mass (kg; P < 0.05) than the LR group. Similar findings were also observed between the sexes across groups. In within-group comparisons, girls were consistently fatter than boys in both the LR (P < 0.001) and HR (P < 0.05) groups. There were more boys than girls in both the LR and HR groups (58 and 62% boys, respectively) while there were more girls than boys in the OB group (57% girls). The BMI of parents in the LR group was significantly lower than parents in both the HR (P < 0.001) and OB group (P < 0.0001). The BMI of HR and OB parents did not differ significantly from each other. Approximately 25% of the children in the LR, HR and OB groups were from social classes I, II and III (professional, managerial, technical and skilled manual) while the remainder were from social classes IV and V (partly skilled manual and unskilled).
The accuracy of EI reporting was assessed by comparison with TEE (Table 2) . Reported EI fell short of measured TEE in all groups by 2, 5 and 14% in the LR, HR and OB groups, respectively. There was no significant difference in total energy intake between groups. In absolute terms the OB group consumed more fat ( þ 12 g=day) than the LR group (P < 0.05), but no significant differences were observed between any of the groups in protein or carbohydrate intakes. When expressed in relative terms (percentage energy intake), carbohydrate and fat intakes in the OB subjects were approximately 4% lower (P < 0.05) and 3% higher respectively than the LR group (P < 0.05). No other significant differences were observed between groups in the proportion of energy from the macro-nutrients.
To assess the relationship between body fatness and each of the macro-nutrients, the data were analysed by linear regression with body fatness as the dependent variable and protein, carbohydrate, total sugar and fat intake (expressed as percentage energy) as separate independent variables. Percentage energy from fat was the only significant predictor of body fatness in stepwise regression (r 2 ¼ 0.05, P < 0.05; Figure 1 ). When boys and girls were assessed separately, there was a significant relationship for boys (dietary fat explained 6% of body fatness) but not for girls (less than 2% explained).
Since percentage energy from fat was the only macronutrient significantly associated with body fatness, results are therefore presented using quartiles of fat intake as cutoffs (Table 3 ). The proportion of energy from fat, rather than the absolute amount, was used in order to minimise the possible effect of reporting bias when comparing lean and obese subjects. Subjects in the highest quarter of fat intake were significantly fatter (P < 0.01) than those in the lowest quarter of fat but lean body mass did not differ significantly between groups. Testing for linearity using ANOVA also showed that this trend for increasing body fatness with increasing % fat intake was significant (P < 0.05).
While EI increased from the lowest to the highest quarters of fat intake (percentage energy), a significant trend was not observed and disappeared when EI was adjusted for body mass (Table 4 ). Absolute intake of fat was 20 g=day greater for those above the upper quartile than those below the lower quartile (P < 0.0001). Reciprocally, absolute intake of carbohydrate was 40 g=day lower for those above the upper quartile than for those below the lower quartile (P < 0.001). However, as a proportion of total carbohydrate intake, there was no difference in the amount of sugar consumed between groups. Fat intake (percentage energy) for the total group ranged from 27 to 47%. Across the four groups, the mean difference between the lowest and the highest group was 10% dietary energy (P < 0.0001). Conversely, percentage energy derived from carbohydrate was significantly lower in Energy and fat intake in children AF McGloin et al Figure 1 The relationship between body fatness (%) and fat (percentage energy) intake. Energy and fat intake in children AF McGloin et al the highest quarter than the lowest quarter by the same magnitude (P < 0.0001).
Discussion
A major finding of this study was that, although obese children consumed significantly more fat than their lean counterparts, their reported EI was similar to the other groups. This similarity in EI between lean and obese children has also been observed in earlier studies. 1, 3, 14, 23 The close correspondence between mean TEE measured by DLW and mean reported EI in LR and HR children indicates that their reported EI are likely to be representative. In contrast, there was some evidence of under-reporting in the OB group. At the individual level, the observed discrepancies between EI and TEE cannot be ascribed solely to mis-reporting of food intake. Due to normal day-to-day variation in both EI and TEE, coupled with errors in both methods, exact agreement between individual estimates of EI and TEE cannot be expected, even though in a valid data set they generally cancel each other out at the group level.
However, validation against TEE identifies only the bias in reporting of total EI. Much less certain, but of key importance here, is the issue of whether this also reflects selective under-reporting of specific foods, hence leading to bias in observed macro-nutrient intake. It is plausible therefore, that the observed under-reporting in the OB group may also have resulted in a misrepresentation of their true macro-nutrient intake. The OB group did report higher fat intakes than the LR group. At the same time, it seems most unlikely that they ate less fat than they reported. Thus, if the OB group did under-report fat intake preferentially, the true difference between groups in macro-nutrient intakes would be even more striking than was observed.
The data were analysed in three ways to examine the relationship between energy and fat intake and body fatness: firstly, through comparisons of obese children and nonobese children at varying risk of obesity; secondly, by comparing body fatness in children grouped according to fat intake, and thirdly, by directly relating body fatness to fat intake using regression analysis in the whole sample. In every case the data indicated that adiposity is positively associated with dietary fat intake. Children in the obese group consumed significantly more fat than their lean counterparts, those in the highest quarter of fat intake were significantly fatter than those in the lowest quarter, and dietary fat intake was a significant predictor of body fatness.
There are a number of limitations of this study however, that preclude definitive conclusions about the role of fat intake in the aetiology of paediatric obesity. Firstly, because of the cross-sectional approach of this study, it is unclear whether the association between fat intake and adiposity is causal or a post hoc effect. Secondly, the method of subject selection may have introduced bias since approximately 40% of eligible children who were invited to participate in the study declined. Consequently, the final sample was probably weighted in favour of more highly motivated and compliant, but not necessarily representative, subjects. Thirdly, the small number of subjects in the OB group relative to the size of the LR and HR groups could have limited the power of the study to detect differences between groups. Despite this, however, a significant relationship between body fat and fat intake was still observed. Finally, the ability to control for all possible confounding factors and=or inclusion in the analysis of variables which are mediators in a causal chain rather than true confounders is a problem in studies of this type. All of these issues must inevitably limit the ability to generalise the findings of this study to other paediatric groups of similar age.
Even so, these results are broadly in agreement with other similar studies. 13 -15 In those studies which do not demonstrate such a relationship in children, 16 -18 it is possible that this was due to methodological factors. In the first two studies, 16, 17 subjects were compared in terms of percentage dietary fat intake and both used 3 -4 day weighed dietary records. Boulton and Magary 16 divided their subjects into three groups according to percentage intake from fat ( > 30, 30 -34.9, > 34.9). Since 60% of the 6-y-olds sampled had fat intakes over 34.9%, it is possible that this cut-off was too low to detect a relationship with body fatness. Although Davies et al 17 used essentially the same analysis as that in the present study (fifths of fat intake vs fourths) their children were younger (4.5 y) than our children. Since the children in this study are at the stage of adiposity rebound, 44 it is possible that differences in body fatness in the younger children 17 may be less readily detectable. Recently, Maffeis et al 8 showed a significant, though nonindependent relationship between dietary fat intake and adiposity using stepwise multiple regression. The results indicated that the significance of diet composition was confounded by parental BMI. In contrast, the influence of fat intake on body fatness in our children was not significantly related to parental weight status. The inconsistencies between the two studies may reflect methodological differences in dietary survey assessment and body fat determination. Alternatively, they may simply reflect cultural differences in parental influence on eating habits.
It is acknowledged that using quartiles dilutes the power of the analysis. However, these results are supported by tests for linearity and regression analysis, which revealed that EI from fat and body fatness were significantly related throughout the range of fat intakes. While these results are statistically significant, their biological significance is less clear, particularly because of the lack of association in girls. There was wide variation in the relationship between dietary fat intake and body fatness and dietary fat intake explained only 5% of total body fatness. However, in all correlation analyses, imprecision in the estimates of both the dependent and independent variables causes an underestimation of the true strength of associations through correlation dilution. Therefore, the true association may be considerably stronger Energy and fat intake in children AF McGloin et al than indicated. Nonetheless, these results suggest that, if dietary advice to reduce dietary fat intake in these children was put into effect, it would have only a limited impact on their body fatness.
The results of the current study do not support previous work that found that non-obese children at high and low risk of obesity differed significantly in their fat intake. 23 However, the non-significant trend for increased fat intake in HR children (37.3 AE 4.2% energy) compared with LR children (36.4 AE 4.4% energy) suggests that parental influence may be important in determining fat intake and adiposity in their children. This has been previously demonstrated. 18, 25, 26, 45, 46 However, it is unclear whether the mechanism is metabolic, environmental or a combination of both. Parents may facilitate their child's fat intake either by making high fat foods freely available, thus encouraging a preference for those foods, or may exert a more subtle influence by example. Parents may set and enforce rules that govern eating behaviour, or can directly encourage a child to eat; something which has been positively associated with the child's weight. 47 They also guide and direct children's food selections. 48 Although children in general can regulate their eating behaviour in order to obtain adequate nutrition, 49 a subsequent study by the same group showed that parents who used more controlling behaviour in feeding practices had children who were less able to regulate their EI according to normal physiological cues. 50 In the present study children with obese parents were significantly fatter (21% body fat) than their LR counterparts (18% body fat), even though energy and fat intakes were similar in the LR and HR groups. Intuitively this suggests that a reduced energy expenditure may be a contributory factor for fat gain. Although it has been suggested that reductions in physical activity-related energy expenditure are involved in the pre-obese state, 1,2 the issue remains unresolved due to the conflicting evidence of more recent cross-sectional studies. 51 -53 In the present study energy expenditure was marginally higher in the HR group compared with the LR group, and virtually identical when expressed per kg body weight (308 kJ=kg LR compared with 306 kJ=kg HR). Therefore, the children in the HR group are fatter than those in the LR group, yet did not expend less energy and did not consume more energy or fat during the study period. This study is limited in that it can only examine variables affecting energy balance in children during a short window in time, whereas the development of adiposity is clearly a long-term phenomenon. As a result, the cross-sectional nature of this study precludes an explanation as to how the difference in body fatness arose. However, one possible explanation may be that those in the high risk group are experiencing early adiposity rebound.
In conclusion, this study has shown that obese children have an elevated fat intake in comparison to non-obese children. Furthermore, the non-significant trend for increased fat intake in HR children compared with LR children indicates that parental fatness may affect children's fat intake. Although the cross-sectional nature of this study makes it impossible to draw any conclusion regarding a cause or effect relationship, these data, together with earlier studies, suggests that EI from fat may be a factor influencing adiposity in children. Nonetheless, reported dietary fat intake could only explain 5% of the variation in body fatness in this group of children. Therefore, given the multifactorial nature of the aetiology of obesity, it seems unlikely that controlling dietary fat intake alone would be an effective measure in preventing obesity in children. Clearly, further research of a longitudinal design is required if this is to be established.
